nature neurOSCIenCe VOLUME 15 | NUMBER 9 | SEPTEMBER 2012 1 2 8 1 a r t I C l e S Animals are faced with the challenge of optimally selecting actions in changing environments. Theoretically, these decisions can be implemented by estimating the value of different actions and then choosing the action of greatest value. Recently, the striatum has been implicated as an important neural structure that may mediate this process of action selection. Electrophysiological recordings in primate and rodent striatum have identified signals correlating with the expected outcomes of actions and measures of motivation for particular responses 1,2 . Other studies have shown that the striatum encodes representations of the value of actions in free choice tasks 3,4 . Striatal activity also parallels the learning of rewarded responses on the basis of previous experience 5, 6 and is essential for the acquisition and execution of goal-directed behaviors 7 . Two dorsal striatal pathways have been proposed to mediate opposing influences on the selection of actions [8] [9] [10] . Activity in the direct pathway has been shown to facilitate actions, whereas activity in the indirect pathway has been demonstrated to inhibit behaviors 11, 12 . The direct pathway is comprised of medium spiny neurons (MSNs) that express the dopamine D1 receptor (D1R), whereas the indirect pathway is comprised of MSNs that express the dopamine D2 receptor (D2R) [13] [14] [15] . It has been proposed that the D1R-and D2R-expressing MSNs encode a representation of the value of actions and generate a response bias toward actions of higher value 16, 17 . Although this model is consistent with numerous studies, other studies have suggested that these populations of neurons may merely have a permissive role in learning associations 18 or only modulate the vigor of actions without affecting the animals' choice behavior 19, 20 . No study to date has definitely demonstrated the role of these two populations of neurons in the context of reward-based decision-making 13 .
Animals are faced with the challenge of optimally selecting actions in changing environments. Theoretically, these decisions can be implemented by estimating the value of different actions and then choosing the action of greatest value. Recently, the striatum has been implicated as an important neural structure that may mediate this process of action selection. Electrophysiological recordings in primate and rodent striatum have identified signals correlating with the expected outcomes of actions and measures of motivation for particular responses 1, 2 . Other studies have shown that the striatum encodes representations of the value of actions in free choice tasks 3, 4 . Striatal activity also parallels the learning of rewarded responses on the basis of previous experience 5, 6 and is essential for the acquisition and execution of goal-directed behaviors 7 .
Two dorsal striatal pathways have been proposed to mediate opposing influences on the selection of actions [8] [9] [10] . Activity in the direct pathway has been shown to facilitate actions, whereas activity in the indirect pathway has been demonstrated to inhibit behaviors 11, 12 . The direct pathway is comprised of medium spiny neurons (MSNs) that express the dopamine D1 receptor (D1R), whereas the indirect pathway is comprised of MSNs that express the dopamine D2 receptor (D2R) [13] [14] [15] . It has been proposed that the D1R-and D2R-expressing MSNs encode a representation of the value of actions and generate a response bias toward actions of higher value 16, 17 . Although this model is consistent with numerous studies, other studies have suggested that these populations of neurons may merely have a permissive role in learning associations 18 or only modulate the vigor of actions without affecting the animals' choice behavior 19, 20 . No study to date has definitely demonstrated the role of these two populations of neurons in the context of reward-based decision-making 13 .
To directly investigate the role of striatal activity in action selection, we created a probabilistic switching task in which mice chose to enter a reward port located to either their left or right side. To inform their choices in the task, mice relied on recent reward history to assess whether water would be delivered from one of two reward ports. Critically, we selected a left versus right choice design on the basis of previous studies that showed that unilateral striatal manipulations can affect lateralized body movements 11, 21 , neurons in the striatum encode actions for movements contralateral or ipsilateral to the recording site [22] [23] [24] , and brainstem motor programs mediating orienting and approach behaviors 25 are regulated by the basal ganglia 16, [25] [26] [27] . From these previous findings, we reasoned that unilateral manipulations to each striatal hemisphere could affect the selection of spatially lateralized responses in the context of this task. We developed a computational model that assigns a value for each action given a particular history of rewards to predict the distribution of left versus right choices. We then used optogenetic techniques to examine the effect of transient unilateral stimulation of the D1R and D2R-expressing striatal neurons during an epoch in the task when animals were choosing to approach a left or a right port.
We found that transient activation of D1R-expressing striatal neurons biased choices toward the port contralateral to the side of stimulation and transient activation of D2R-expressing striatal neurons biased choices toward the ipsilateral port. However, rather than giving rise to a stereotyped and consistent motor response, optical stimulation induced a bias in the likelihood of choice responses that was dependent on the previous history of rewards for each choice. In the context of our model, we found that optical stimulation mimics a fixed additive shift in action value 28, 29 . The effect of 1 2 8 2 VOLUME 15 | NUMBER 9 | SEPTEMBER 2012 nature neurOSCIenCe a r t I C l e S stimulation was only effective in a narrow temporal window before and during the early initiation of movements. Striatal activation also sped and slowed the initiation of responses in a manner similar to changes in action value. Together, these data are consistent with the hypothesis that the striatum encodes the value of actions and indicate that activity in these pathways can be used to bias the selection and vigor of competing goal-directed actions.
RESULTS
To study action selection during decision making in mice, we trained adult BAC transgenic mice (n = 28) expressing Cre recombinase under either dopamine D1R or D2R regulatory elements on a spatial twoalternative forced-choice probabilistic switching task. Briefly, the task required animals to initiate a trial with a nose poke into a central port followed by movement to a left or a right port to obtain reward. The rewarded port delivered a water reward for 75% of correct responses, and this port was periodically switched across blocks. The length of each block was randomly distributed between 7-23 trials and the switch only took place after a rewarded trial (Fig. 1a) . A Go cue signaled when mice could approach either choice port. Thus, the only information provided to guide the animals' choice behavior was the expectation of reward based on the outcome of previous trials. After initial training, mice took, on average, 2.20 ± 0.04 (right to left) and 2.22 ± 0.05 (left to right) trials (±s.e.m., n = 28) to switch their behavioral responses following reversals in action-outcome contingencies between blocks (Fig. 1b) . When we analyzed the effects of reward history in the previous two trials on upcoming choice, we found that mice implemented a win-stay, lose-shift strategy in which rewards served as evidence to continue responding at a port and the lack of reward served as evidence to switch (Fig. 1c) . The mice's choice probability generally tracked the reward probability at each port for various reward histories (Supplementary Fig. 1a ).
Action value estimates based on previous reward history
We generated a quantitative model to describe the mice's behavior in the task. Prior electrophysiological studies have found that the activity of striatal neurons correlates with estimates of trial-to-trial values of actions 3, 4, 30 . These estimates of value assume the softmax decision rule 31 , which describes the tendency of decision makers to have more variable responses when the alternatives are more similar in value. In the case of two alternatives under the softmax rule, the contribution of previous reward history to the value of each action can be estimated by multivariate logistic regression 30 . We fit a regression model in which the probability of choices at each port in the upcoming trial was determined by the animals' previous reward history ( Fig. 2 and Online Methods). The regression analysis revealed that the contribution of prior rewards declined with the passage of trials (Fig. 2a) . Rewards in the previous three trials had a significant effect on choices in the upcoming trial, serving as evidence for the animal to stay at the rewarded port, as indicated by the positive regression coefficients (P < 4 × 10 −6 ; Fig. 2a) , whereas the lack of reward at the chosen port in the previous trial significantly promoted switching in the following trial, as represented by the negative regression coefficient (P = 1.1 × 10 −5 ; Fig. 2a) . The large regression coefficients for the previous two trials validated our initial attempts to analyze choice behavior by segregating trials on the basis of the animals' reward history in the previous two trials (Fig. 1c) . From the model, we generated dynamic estimates of action values and probabilities for responding at each port on the basis of the animals' recent reward history (Fig. 2a,b,e) . These action value estimates were the sum of regression coefficients corresponding to the previous reward history for each side (Fig. 2a) determining the distribution of choices of the subject (Fig. 2b) . The choice probabilities predicted by an identically generated regression model using 70% of the data recapitulated the actual distribution of choices in the remaining 30% of the data, confirming the predictive validity of our model ( Supplementary Fig. 1e,f) .
Stimulation of distinct striatal neurons biases choice
To independently study the activity of D1R-expressing and D2R-expressing striatal neurons in our task, we bilaterally injected an adeno-associated virus (AAV) into the dorsal striatum that enabled Cre-dependent viral expression of channelrhodopsin (ChR2) and yellow fluorescent protein (eYFP) in transgenic mice expressing Cre under regulatory elements for either the dopamine D1R (D1-Cre mice) or D2R (D2-Cre mice). We then chronically implanted an optic fiber in or just above the dorsal medial striatum of each hemisphere. Our Cre-dependent strategy targeted ChR2 expression to the direct or indirect pathways of the basal ganglia (Supplementary Fig. 2 ). In D2-Cre mice, 37.7% of putative MSNs expressed eYFP (consistent with indirect pathway targeting) and 38.7% of the choline acetyltransferase (ChAT)-expressing neurons co-expressed ChR2-eYFP ( Supplementary  Fig. 3 ). Estimates suggest that 80-97.7% of neurons in the striatum are MSNs and 0.3-2% are cholinergic 32, 33 . We therefore estimate in D2-Cre mice we transduced a ratio of MSNs to cholinergic neurons of roughly 50:1. By simultaneously recording and optically stimulating striatal neurons, we were able to confirm that optically driven striatal neuronal firing in our system was time-locked to stimulation (a) Sequence of events in a probabilistic switching task. Mice learned to initiate a trial at the center port and to choose a left or right peripheral port for water reinforcement. Only one peripheral port was rewarded at a time. In 25% of trials, neither port was rewarded. The rewarded port was switched only after a rewarded trial. (b) Fraction of choices for left port (n = 28 subjects) for trials before and after a switch of the rewarded port (at trial 0). (c) Fraction of choices for the left port from one subject for reward histories in which two consecutive choices to either the left or the right port were made during the previous two trials. Data from mixed choice histories are not shown for brevity. All error bars represent s.e.m. a r t I C l e S ( Supplementary Fig. 4 ). Optically evoked activity could be a result of direct ChR2 activation or potentially indirect activation of neurons downstream of ChR2-expressing cells.
We then sought to determine whether activation of specific neural populations in the striatum could affect the choice behavior of animals 34 . Optical stimulation was delivered at a decision point in a r t I C l e S the task, when the Go cue signals the animal to make their choice ( Fig. 3a) . At this point in the task, the choice ports are equidistant in egocentric space to the left and right of the mouse, and this period marks the time at which animals must select and initiate an action to acquire a potential reward (Fig. 1a) . Stimulation was delivered at 5, 10 or 20 Hz for 500 ms in 6% of total trials interspersed at random. The stimulation parameters that we used reflect physiologically relevant activity found in awake, freely moving striatal recordings in mice 23, 35 .
The presence of stimulation and nonstimulation trials in the same session allowed us to make highly controlled within subject comparisons to determine the effect of stimulation. Stimulation sessions were interspersed with training sessions without stimulation, and the hemisphere that was stimulated alternated with every stimulation session. There were no differences in animals' choice behavior across sessions with identical stimulation parameters; thus, data from these sessions were pooled for analysis. To rule out any possible effect of the optical stimulation or viral expression, we also injected mice with a control virus expressing Credependent eYFP. These control mice were subject to identical training regimens and stimulation parameters as experimental mice.
Given that the mice's responses were dependent on their reward history, we analyzed choice in stimulation and nonstimulation trials on the basis of the history of reward and choice over the previous two trials. Activation of D1R-expressing neurons with optical stimulation induced a bias in choice for the port contralateral to the hemisphere in which the light was delivered. The stimulation-induced bias was greater after unrewarded trials when the animals' responses tended to be more variable (Fig. 3b) . A small bias was seen following rewarded trials (Fig. 3b) .
Striatal stimulation in D2-Cre mice induced a bias to the port ipsilateral to the site of stimulation (Fig. 3c) , opposite to the direction observed in D1-Cre mice. Again, stimulation induced bias was greater after unrewarded trials when the animals' responses were more variable (Fig. 3c) .
To further investigate the relationship between stimulation and reward history, we plotted the probability of a left choice for a given reward history in trials with and without stimulation (Fig. 3d,e) . The plot revealed 'bowing' of data points off the unity line in opposite directions for D1-or D2-Cre mice. This bowing can be quantified as the odds of choice without stimulation scaled by a fixed factor called the odds ratio.
Optical stimulation mimics a change in action value
In mice performing the switching task without stimulation, recent reward history exerted a strong effect on a mouse's upcoming choice (Fig. 1) .
We quantified these effects by generating estimates of the value of actions (Fig. 2b) , which could be used to guide the animals' selection of future actions 3, 4, 30 . Similar to rewards, striatal stimulation also had the ability to bias mice's choices. Given that neurons in striatum may encode the value of actions 3,4 , we hypothesized that striatal stimulation may mimic the effects that a change in valuation of actions (on the basis of reward history) would have on the mice's upcoming choice.
Using our previous estimates of the relative action value for various reward and choice histories (Fig. 2b) , we plotted the probability of choices made with and without stimulation for individual subjects in the same sessions (Figs. 4 and 5 and Supplementary  Figs. 5 and 6) . We found that striatal stimulation shifted the sigmoid choice probability curve along the relative action value axis. In this way, stimulation can be interpreted as mimicking a change in the relative valuation for selecting the left versus right port by a fixed factor. In individual mice, optical stimulation of D1R-expressing striatal neurons appeared to increase the value of the contralateral port (Fig. 4a) , whereas stimulation of the D2R-expressing neurons resembled a decrease in the value for the contralateral port (Fig. 5a) .
In both individual and group data, the magnitude of the shift in relative action value consistently increased with the frequency of stimulation and the direction of the shift induced by stimulation showed (Figs. 4c and 5c) .
In addition to its role in action selection, activity in the striatum correlates with reaction time 1, 36 . In our task, the time a mouse takes to withdraw from the center port after trial initiation can be used to measure the latency to initiate movement. Without optical stimulation, the withdrawal time for a particular response was substantially shorter when the relative action value for that response was high (Fig. 2d) . Stimulation of D1R-expresing neurons decreased center port withdrawal time when the value of the contralateral port was greater (Fig. 6b) . However, when the ipsilateral port was valued more highly, stimulation of D1R-expressing neurons slowed withdrawal time (Fig. 6b) . In contrast with D1-Cre mice, striatal optogenetic stimulation in the D2-Cre mice increased center port withdrawal time when the value of the contralateral port was greater (Fig. 6b) . However, when the ipsilateral port was valued more highly, stimulation of D2-expressing neurons sped withdrawal times (Fig. 6b) . Changes in withdrawal time with optical stimulation were still apparent when we controlled for the eventual choice response of the mice (Supplementary Fig. 7a,b) . Notably, we found that, after rewarded trials when optical stimulation was not likely to affect port choice, stimulation was still observed to affect withdrawal time.
Effective time window for optical stimulation Previous reports have found that phasic striatal activity before response initiation correlates with trial-by-trial estimates of action value 3,4 . In the experiments described above, light pulses were delivered during a 500-ms epoch coinciding with onset of a Go cue, after which mice initiated their motor responses (Fig. 3a) .
We next performed two experiments to investigate the effect of striatal activity before and after response initiation. Response initiation in our task can be measured as the latency to withdraw from the center port. The median withdrawal times for mice in this study were approximately 50 ms, and the majority of response withdrawal times could be found in a window spanning approximately 30-140 ms (50 ± 25% confidence interval; Supplementary Fig. 1c ).
To determine whether stimulation before movement initiation was sufficient to bias the mice's choice behavior, we trained a new cohort of mice in a protocol in which two optical pulses separated by 50 ms (20 Hz) were delivered before an auditory Go cue (Fig. 7a) . Using this second protocol, we confirmed that it is possible to bias the mice's choice behavior with striatal activation of both D1R-expressing and D2R-expressing striatal neurons before movement initiation (Fig. 7b-d and Supplementary Fig. 8a,b) .
In a third protocol, we examined the effect of delaying stimulation until after movement initiation. In a subset of mice trained in the original protocol, 10-Hz optical stimulation was delivered at either 0 ms or 150 ms following the presentation of the Go cue light (Fig. 8a) . The bias induced by optical stimulation delayed by 150 ms was significantly weaker than the bias induced without delay (P < 0.005; Fig. 8b-d) . These data suggest that the effect of striatal activity on choice behavior decayed with time after the onset of the Go cue.
Following the switching task, we carried out two more experiments to grossly measure the effect of transient and prolonged stimulation on the mice's locomotor behavior outside the context of the task. In a 10-cm-diameter cylindrical environment, transient bursts of 20-Hz stimulation (identical to the maximum burst used in our switching task) did not produce a significant change in head or body orientation (P > 0.4; Supplementary Fig. 9c,d) . However, prolonged stimulation of the D1R-expressing striatal neurons for 60 s at 5, 10 and 20 Hz induced a graded increase in contralateral rotations and prolonged stimulation Supplementary Fig. 9e,f) . Together, these data are consistent with previous reports 11 and the known organization of distinct striatal pathways in the basal ganglia 8, 10, 13 .
DISCUSSION
Our data suggest that activity in distinct populations of striatal neurons exert opposing biases on the selection of goal-directed responses. Activation of D1R-expressing striatal neurons increased the occurrence of choices for the port contralateral to the side of stimulation (Figs. 3, 4 and 6) , whereas stimulation of D2R-expressing striatal neurons increased the occurrence of ipsilateral choices (Figs. 3, 5 and 6 ). The effect of stimulating each population of neurons was not deterministic, but was dependent on the animals' recent reward history (Fig. 3) . On closer inspection, the magnitude of this bias mimicked an additive change in the relative value of actions estimated using a simple model based on the mice's history of rewards and choices (Figs. 2b and 4-6) . Stimulation also a r t I C l e S altered the latency to movement initiation, as measured by the withdrawal time in a manner that was dependent on the relative action value (Fig. 6b) .
Qualitatively, the effects of stimulating D1R-and D2R-expressing neurons match existing accounts of the opposing functions of the direct and indirect pathway in the basal ganglia. This lateralized effect may be a result of the presence of dense ipsilateral descending connectivity from basal ganglia nuclei and the role that downstream efferent structures have in controlling contralateral movement [25] [26] [27] . The ability of D2R-expressing neurons to promote choices to the ipsilateral port is consistent with previous findings suggesting that action selection involves inhibition of competing alternatives through the indirect pathway in a manner that allows or even facilitates focal promotion of desired actions by the direct pathway 37 . The proposed occurrence of targeted inhibition from basal ganglia pallidal outputs has been suggested to coordinate agonist and antagonist musculature involved in limb and visuomotor movements in primates 38, 39 . Competition between the opposing actions of orienting to the left and right may also be regulated in the downstream targets of the basal ganglia. The direction of the bias that we observed is largely consistent with previous reports in which D1R-and D2R-expressing neurons are selectively activated using optogenetic techniques 11 , as well as the effect of pharmacological manipulations to the dorsal striatum in rodents 21 .
Optogenetic stimulation did not induce a uniform effect across all trials, but was dependent on the mice's previous reward history. Stimulation induced a larger bias on choice when mice had greater variability in their responses following unrewarded trials (Figs. 3-5) . However, striatal stimulation had a weak effect on choice behavior after recently rewarded trials, when mice were likely to return to a port at which water had just been delivered. Thus, the effect of stimulation could be overruled if the alternative response had a high incentive value after being recently rewarded.
The effect of optical stimulation was also time dependent. Stimulation was effective when limited to two 5-ms pulses in an epoch of the task before the mice's movement initiation (Fig. 7) , and it became significantly weaker if delayed by 150 ms after trial initiation (P < 0.005; Fig. 8 ).
Together, these data suggest that striatal activation may need to take place in a 'decision window' to alter the action selection of the animal. This is consistent with a number of recording studies in the striatum of rodents 22, 24 and in primates 3, 4, 36 . Finally, outside of the task, transient stimulation at the maximal experimental level did not induce head or body orientation (Supplementary Fig. 9 ). The interaction of stimulation with reward history, the presence of an effective decision window and the lack of similar motor output outside of the task indicate that striatal stimulation did not dictate a motor action that deterministically affected choice. We conclude that striatal activity alone is not sufficient to drive the motor responses of mice in this task, but may also require the temporally coincident activity of other neural structures to orchestrate a complex process of action selection.
Given that the magnitude of the stimulation bias was dependent on whether previous actions had been rewarded, we hypothesized that the striatal activation may act similarly to the influence of rewards over choice. In the context of this task, animals are required to adaptively and flexibly switch their actions across blocks as a result of changing reward contingencies. At a theoretical level, this process of goal-directed action selection can be modeled as a dynamic comparison between the value of actions and bias for selection of the option of highest value 40 . More specifically, we conjectured that the additional activity induced by optical stimulation mimicked the effects resulting from a change in the value of competing actions.
To examine this directly, we estimated the value of actions on the basis of various reward and choice histories, assuming the softmax decision rule 4, 31, 41 . We then re-examined quantitative features of the bias introduced by striatal activation and found that stimulation mimicked a fixed additive shift in the value of the contralateral choice (Figs. 4-6 and Supplementary Figs. 5, 6 and 8) without altering sensitivity to reward (Supplementary Fig. 10 ). In this way, activation of D1R-expressing neurons mimics an increase in the value of the contralateral choice, and activation of D2R-expressing neurons mimics a decrease of value of the contralateral choice. The nonlinear features of the softmax rule were sufficient to explain the gross tendency for stimulation to have a larger effect in a range where responses are most variable (Figs. 3-5) . Estimates of relative action value change were derived from logistic regression analysis (Online Methods). Reported n refers to number of stimulation sites. **P < 0.005, Wilcoxon signedrank test. All error bars represent s.e.m.
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VOLUME 15 | NUMBER 9 | SEPTEMBER 2012 nature neurOSCIenCe a r t I C l e S Although many descriptions of striatal function have focused on its role in action selection, others have suggested that the basal ganglia merely regulates the vigor of responses without altering which response is selected 19, 20 . We found that, in addition to biasing the mice's action selection, striatal activity can also alter the vigor of responses by speeding up or slowing down the initiation of movements. We found that stimulation of D1R-expressing neurons reduced movement latencies in trials when the value of the contralateral port was greater and congruent with the direction of bias caused by stimulation (Fig. 6b) . This is consistent with the canonical view that the direct pathway promotes movements 8, 10 . However, latencies following stimulation of D1R-expressing neurons were markedly slower in trials in which the ipsilateral port was valued more highly. The slowed response is perhaps a result of the incongruence between bias caused by stimulation and intrinsic valuation in the action selection systems. Similarly, stimulation of D2R-expresing neurons slowed movements when the port contralateral to the site of stimulation was of greater value and it sped movements when the port ipsilateral to the stimulation site was of greater value. This data is consistent with the idea that action selection can be facilitated by the suppression of alternate reponses 38 . Our data suggest that the balance of activity in striatal populations reflecting the relative value of approaching each port affects the speed of movement initiation. These findings are consistent with evidence that striatal activity correlates with reaction times 1, 36 .
Our data is consistent with electrophysiological studies that have suggested that neural activity in the striatum more often represents the value of actions than pure motor variables 3, 4 . Striatal activity has been associated with response bias for rewarded actions 1 and successful switching following action contingency reversals 36, 42 . In these studies, neurons primarily encode a bias for contralateral responses when decisions are reported as saccades or locomotor approach 1, 22, 36 . Lesions of the dorsomedial striatum can also impair the learning of the contingencies between actions and their outcomes in various reversal tasks 7, 43, 44 . Taken together, these findings are consistent with our interpretation that striatal stimulation biases both the selection and vigor of actions on the basis of the value of choices.
We attempted to reproduce physiological conditions using optogenetics. The stimulation patterns that we used parallel data from awake in vivo striatal recordings in mice 23, 35 . Other studies have also identified striatal activity in a similar decision point in a rewardbased spatial task in rodents 24 . The bias induced by stimulation scaled over a range of frequency parameters, supporting the robustness of our results. However, questions still remain regarding whether optogenetic stimulation mimics physiological patterns in vivo given the large number of neurons that are synchronously recruited. In the D2-Cre mice, we also infected a small proportion of cholinergic neurons, which may contribute to our behavioral effects. An additional feature and caveat of our study is that our optical stimulation was delivered unilaterally in the context of a task in which competing responses are lateralized to the left and right. This is both a feature and caveat because we predict that our method will likely not cause behavioral bias in alternative task designs in which responses take other forms, such as up versus down. Lastly, our results do not exclude the possibility that D1R-expressing and D2R-expressing neurons may serve other roles outside of action selection. Numerous studies have found evidence that striatal activity also correlates with a process that evaluates the outcomes of actions in rodents 24, 45 and in primates 4 , and our data do not exclude these aspects of striatal function.
Striatal neurons receive massively convergent input from cortical and thalamic sources. This integration of diverse information may be used to generate a representation of action value that can be used to mediate goal-oriented action selection. In this framework, the updating of action values may correspond with dopamine-dependent plasticity of inputs into the striatum in concert with shifts in goal and reward-related activity from the cortex 41 . Striatal neurons may alter action selection by regulating tonic inhibition from the globus pallidus and the substantia nigra pars reticulata onto the brainstem and motor thalamus 46, 47 . This provides a mechanism by which rewards modulate the responses of premotor structures for particular actions 46, 48 . In this way, the cortico-basal ganglia system may instantiate the computations necessary for goal-oriented, highly flexible behavior 49, 50 .
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
Probabilistic switching (two-alternative spatial choice) task. Mice were trained on a two-alternative spatial choice task in which the location of a water reward was periodically switched at random intervals. The initiation port was located in the middle of one wall, and two choice ports were located 63.5 mm to the left and right of the initiation port (center to center; Fig. 1a ). An infrared photodiode/ phototransistor pair was placed on either side of the port to report the times of port entry and exit (Island Motion). The water valves (Neptune Research) were calibrated to deliver a volume of water (2 µl) for rewarded choices.
Mice initiated each trial by entering the center port, triggering Go lights instructing animals that water was potentially available. Mice then chose a left or right peripheral port for water reinforcement (Fig. 1a) . Only one peripheral port was rewarded at a time and, on 25% of trials, neither port was rewarded. The length of trial blocks was dependent on the number of rewards obtained in each block, and this number of rewards was randomly set between 7-23 rewards. After the set amount of rewards was obtained, the rewarded side was switched to the opposite port. This structure prevented the subjects from predicting the timing of the block switch. logistic regression analysis of behavior choices. The contribution of past rewards or lack of rewards on the subject's current choice was analyzed on a trial-by-trial basis using the following logistic regression model 30 We modeled the contribution of optical stimulation on the subject's current choice as a dummy variable characterized by the β stim coefficient
The variables X stim (i) represents whether stimulation was delivered (1) or not (0) in the i-th trial. These estimated coefficients are the shifts in action value characterized in Figure 6 .
optical stimulation in the behavior task. Optical stimulation was delivered at the start of the Go signal. Stimulation was delivered at 5, 10 and 20 Hz for 500 ms with the frequency pseudo-randomly chosen before each session. Stimulation trials occurred in 6% of total trials. Stimulation sessions were performed every other day, interspersed by training sessions. The hemisphere that was stimulated was alternated across stimulation sessions. The infrequent occurrence of stimulation trials was to prevent any plastic or compensating adaptations from occurring during the course of a session, and the relatively long interval of days between stimulation sessions was to prevent any systemic biases in responses from arising across stimulation sessions. To determine whether stimulation had to occur in a specific time window relative to movement initiation, we performed additional experiments. First, a subset of mice that underwent stimulation at 5, 10 and 20 Hz underwent an additional set of stimulation sessions in which two types of stimulation trials were present, each for 3% of trials. In one set of stimulation trials, 10-Hz stimulation was delivered at the same time that the Go light appeared, 15 ms after initiation of a trial by a center poke (as in earlier experiments). In a second set of stimulation trials, 10-Hz stimulation was delayed by 150 ms from the appearance of the Go light. This 150-ms delayed stimulation time corresponds to a point at which movement was initiated in >90% of trials.
To look at the effects of stimulation exclusively before the onset of the Go cue, we also trained new cohort of mice (n = 2 D1-Cre and 4 D2-Cre mice) on a variant of the stimulation experiment in which two optical pulses (interpulse interval = 50 ms) were delivered before and coincident with a Go sound which was delayed by 70-100 ms after initiation of a trial by a center poke (Fig. 7a) . This was to confine stimulation to an epoch of the task before the initiation of the animal's movement as determined by the time of withdrawal from the center poke. Stimulation trials occurred in 6% of total trials. Stimulation sessions were performed every other day interspersed by training sessions.
optical stimulation outside of the switching task context. To measure the effect of transient stimulation on locomotor behavior outside the context of the task, we placed mice in a 10-cm-diameter cylindrical environment ( Supplementary  Fig. 9 ). Optical stimulation was delivered at 20 Hz for 500 ms and repeated every 60 s. Each subject received 50 stimulations per stimulation site. The body orientation at stimulation onset, and 0.5 and 1 s before and after stimulation onset (five time points) was measured from video recording frames by a blind observer using custom software.
To measure the effect of prolonged stimulation on locomotor behavior outside the context of the task, we placed the mice in an open field arena. Baseline locomotion was measured over a period of 60 s. Optical stimulation was then delivered at 5, 10 or 20 Hz for 60 s, and was followed by a 60-s recovery period (Supplementary Fig. 9 ). Rotation was quantified using Anymaze software (Stoelting) and summed for each 60-s period (baseline, stimulation and recovery).
Statistical analysis.
Fisher's exact test was used to determine whether the probability of choices with and without stimulation were significantly different. Logistic regression was used to fit data for trials with different reward histories with and without stimulation. t test was used to determine whether the change in relative action value caused by striatal activation (β stim ) was significantly different from zero for a given stimulation condition. Wilcoxon signed-rank and rank-sum tests were used to determine whether the changes in relative action value between different stimulation conditions or between groups of subject expressing ChR2-eYFP and eYFP were significantly different. Standard errors for probabilities of choice were calculated from binomial statistics. α was set at 0.05.
Histology and reconstruction of optical stimulation sites. Viral expression of ChR2-eYFP and eYFP was confirmed by histology after stimulation experiments (Supplementary Fig. 2a,b) . Paraformaldehyde-fixed coronal sections were stained to identify cell bodies (Neurotrace) alongside AAV-driven expression of YFP. In the cases reported, fiber implant tracks could be identified and were found to be located in or directly above the medial half of the dorsal striatum (Supplementary Fig. 2c) .
To determine whether ChR2-eYFP was expressed in MSNs as well as cholinergic neurons of the striatum, we permeablized sections (coronal, 50 µm) in 50% alcohol for 10 min, rinsed them in phosphate-buffered saline (PBS), blocked them in 10% normal donkey serum (vol/vol) for 30 min and incubated them for 48 h in a mixture of primary antibodies: rabbit polyclonal antibody to GFP (for YFP, 1:10,000, Abcam, ab290), goat polyclonal antibody to ChAT (1:500, Millipore, AB144p) and mouse monoclonal antibody to Kv2. 
